Helium glow discharges in the p = 6-60 mbar pressure range have been investigated experimentally and by means of a one-dimensional self-consistent hybrid model. Unlike most of the hybrid models developed previously for noble gas discharges, our model also includes He + 2 molecular ions. The electrical parameters of the discharges, recorded in the experiments, as well as the electron temperature for the different discharge conditions (determined spectroscopically) have been used as input data for the hybrid model. Our studies show that He + 2 ions are present in the discharge even at 6 mbar with a concentration comparable to that of He + ions. Conversion of atomic to molecular ions and the associative ionization process are identified as main sources of molecular ions. At low pressures the He + 2 ions are principally lost at the electrodes, while at higher pressures the recombination processes become their dominant losses. As the rates of recombination processes are strongly pressure-dependent, the optical emission spectrum changes with increasing pressure and shows significant intensity of He 2 molecular bands. The contribution of He + 2 ions to the ion current at the cathode as well as their contribution to maintenance of the discharge is found to be around 10%, even at the lowest pressure of 6 mbar, where He + 2 formation in most of the discharge models is neglected.
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Introduction
Helium discharges are extensively used in a wide range of applications, e.g. for spectral and illumination light sources, as well as for different types of lasers. In some of these sources He + 2 molecular ions play an important role in the discharge processes. Even at relatively low pressures, in the 10-100 mbar range, helium molecular ions are assumed to influence the discharge conditions and/or participate in the pumping mechanism of the He-Cd + laser [1, 2] and the He-Zn + laser [3] . He + 2 molecular ions have also been found to be responsible for the excitation in the He-Ar + laser [4, 5] . Similarly, they play an important role in the discharges formed in plasma addressed liquid crystal displays (operated in H 2 +He mixtures at p ∼ 100 mbar pressures) [6] .
In helium discharges at higher pressures, UV and VUV lasers can be realized, e.g. the He-N + 2 laser which is pumped by a very efficient reaction between helium molecular ions and nitrogen molecules [7, 8] . The UV and VUV radiation of helium discharge lamps originates from the excited He 2 and He + 2 molecules [9] . As the ground state of He 2 molecule is unstable, the excited He 2 molecules result mainly from the recombination of He + 2 . High-pressure helium discharges are also used in analytical chemistry to detect traces of nonmetal analytes. Motivated by this particular application, helium discharges at atmospheric pressure have been extensively investigated by collisional radiative models [10, 11] .
Hybrid models of low-pressure noble gas discharges usually consider only the presence of a single species of positive ions (the situation can be far more complicated in molecular gases, e.g. H 2 [12, 13] ). As an exception, a study of a low-pressure argon analytical glow discharge has to be mentioned [14] . To our best knowledge, however, the effects related to molecular ion formation in the cathode region of noble gas glow discharges have not yet been investigated by self-consistent modelling, except for the above paper. He + 2 ions are expected, on the other hand, to be present in discharges at relatively low pressures, as indicated by the calculations for positive column discharges, where molecular helium ions were found to become the dominant ionic species at pressures exceeding ≈15 mbar [15] . In this paper we present our studies on helium glow discharges in the 6-60 mbar pressure range, comprising experimental investigations and self-consistent modelling of the discharge using a hybrid approach. The aim of our studies is to observe how the molecular helium ions become important in the discharge with increasing pressure and to identify the important source and loss processes of atomic and molecular ions as a function of pressure. The model includes several elementary processes that are believed to be important for the discharge conditions covered here, namely collisions of electrons and metastable atoms with ground state and metastable atoms, deexcitation, associative ionization, as well as ion conversion and recombination processes.
Section 2 of the paper describes the experimental arrangement. In section 3 the Monte Carlo, fluid and metastable models and their interfacing are outlined. The experimental and the modelling results are presented and discussed in section 4. The summary of the work is given in section 5.
Experimental setup
The discharge tube used in the experiment has three discharge cells, each having flat disk copper electrodes of 3.6 cm diameter and electrode gaps of 1, 0.3 and 0.1 cm, respectively. This arrangement makes it possible to realize 'similar' discharges in a wide pressure range. The whole construction is placed inside a Pyrex tube which is connected to a vacuum system having a base pressure of ≈10 −6 mbar. Helium gas of 5.0 purity is used in the measurements. To avoid the excitation of N + 2 molecular bands through the very efficient reaction between residual amounts of N 2 and He + 2 molecules [16, 17] , further purification of the filling gas by cataphoretic cleaning [18, 19] is employed. Helium is introduced into the discharge tube through an additional discharge having a 40 cm long positive column operated at 40 mA. The optical emission spectra recorded under these conditions show no emission on N + 2 bands.
The discharges are operated in pulsed mode, excited by 0.8 ms long rectangular current pulses at 5 Hz repetition rate to reduce deposition due to cathode sputtering. The measurements are performed in the three discharge cells for different pressures (6 mbar p 100 mbar) and current densities (0.9 mA cm −2 j 100 mA cm −2 ). The optical emission spectra of the discharges are recorded and their electrical characteristics are determined in the measurements. Additionally, the electron temperature (T e ) is also determined experimentally, by measuring the intensities of the spectral lines of the 2p 3 P-nd 3 D He I series. The optical emission spectra are measured by a 2 m monochromator equipped with an EMI 6256S photomultiplier tube (PMT). The signal of the PMT is fed to an HP54501A digitizing oscilloscope connected to a PC using an IEEE488 interface. The discharge voltage, current density and electron temperature serve as input data for the hybrid model.
Simulation model
The discharge is described by a one-dimensional hybrid model which combines a fluid model for atomic and molecular ions and slow electrons with Monte Carlo (MC) simulation of fast electrons, and with a diffusion-reaction model of the metastable species. The model makes it possible to calculate several discharge characteristics in a self-consistent way [20] [21] [22] [23] [24] [25] . The elementary processes for electrons, ions and metastables taken into account in our model are listed in table 1, together with their cross sections or rate coefficients. For fast electrons we take into account elastic scattering (p1), excitation to metastable and several higher excited states (up to n = 5) (p2-p4) as well as ionization (p5). The excited atoms (including the n = 3 to n = 5 states) can participate in an associative ionization process (p6) in which molecular ions are created. The singlet and triplet atomic metastables convert into triplet atomic and molecular metastables, respectively, through reactions p7 and p8. The singlet atomic metastables also convert to ground state atoms due to the process p9. The atomic and molecular ions are created in the metastablemetastable ionization processes p10-p15 which result in the loss of metastables. The metastables are also lost in deexcitation processes p16-p18. The atomic ions convert into molecular ions due to the p19 conversion process. The atomic and molecular ions are lost through the collisional radiative recombination (p20-p21) and the three-body recombination (p22) processes.
To solve the hybrid model the 'apparent' secondary electron emission coefficient γ (the ratio of the electron current to the ion current at the cathode) has to be specified. The apparent γ coefficient accounts for all possible electron emission mechanisms [26] . Generally it is difficult to choose a proper value for γ which gives reasonable agreement with experimental data over a wide range of discharge conditions (pressure and current) [27] . Thus in our model we take γ as a variable (fitting) parameter. In the iterative solution of the model (at fixed discharge voltage) γ is adjusted to obtain a current density equal to the experimental value [28] .
Fluid model of positive ions and slow electrons
The helium atomic and molecular ions and the slow electrons are treated together in a fluid model. The fundamental variables of the fluid model are the (slow) electron density n e , the helium atomic ion density n i1 , the helium molecular ion density n i2 and the electrostatic potential V , which are functions of the axial coordinate x. The fluid model consists of the continuity equations of electrons and ions, and the Poisson equation: Note: He(S), He(T) and He(M) denote the singlet atomic, triplet atomic and molecular metastables, respectively.
where v e(i1)(i2) are the mean velocities, S e(i1)(i2) are the source functions, L e(i1)(i2) are the loss functions of the slow electrons, atomic and molecular ions, respectively, e is the elementary charge and 0 is the permittivity of free space. The space charge created by the fast electrons-being several orders of magnitude smaller than that created by the slow electrons-is neglected in (2) . The mean velocities are calculated from
where S = −1 for electrons and S = 1 for ions, and µ e(i1)(i2) and D e(i1)(i2) are the mobility and diffusion coefficients of electrons, atomic and molecular ions and e(i1)(i2) are the corresponding fluxes. The above simplified form of the momentum transfer equation (widely used in glow discharge modelling [20] [21] [22] 25] ) involves only drift and diffusion terms and neglects the inertia term, because the motion of ions and slow electrons is assumed to be collisionally dominated. This assumption is valid for the slow electron group as they exist only in the low electric field region. Furthermore, Boltzmann equation analysis by Lawler [29] indicates that ions equilibrate relatively quickly in the cathode fall region. For our discharge conditions the ratio of the cathode fall length to the mean free path of ions is in the order of several tens to one hundred. The mobility of electrons in helium is µ e = (1/p)1.33 × 10 6 cm 2 V −1 s −1 [30] (with p given in mbar) and the diffusion coefficient of electrons is chosen to be D e = µ e T e . The mobility of the helium atomic ions is taken from [31] , and the data have been fitted to a functional form:
where units of E and p are V cm −1 and mbar, respectively. The mobility of the molecular ions for E/n 43 Td is taken from [32] and for higher reduced electric fields E/n 43 Td µ i2 is approximated by [33] 
where E/n is given in Td. The diffusion coefficients of helium atomic and molecular ions are chosen as D (i1)(i2) = µ (i1)(i2) T i with T i = 0.026 eV (corresponding to a gas temperature of 300 K).
The source of slow electrons is calculated in the MC model. The sources of atomic and molecular ions resulting from processes p5-p6 and p10-p15 are calculated in the MC and in the metastable models, respectively. The source of molecular ions and the loss of atomic ions due to the ion conversion process (p19) are calculated from
where η is the rate coefficient of the ion conversion process. Examining the rates of different possible recombination processes, we find that the collisional radiative recombination (p20) dominates for He + ions, while the collisional radiative (p21) and three-body recombination (p22) processes are significant for He + 2 .
The loss of He + 2 by dissociative recombination is found to be orders of magnitude smaller for our conditions [34, 35] . Taking into account these processes, the losses of charges can be determined from
where n is the background gas density, and T e and T g are the temperatures of the slow electron and the gas, respectively. The values of coefficients y 1 , x 2 , y 2 are taken from Deloche et al [36] : y 1 = 4, x 2 = 1 and y 2 = 4. The fluid equations are solved using the Crank-Nicolson discretization scheme and an exponential representation of the fluxes [37] . The steady-state solution is obtained by an implicit time-integration technique [21, 22] ; a detailed description of the numerical method can be found in previous works (e.g. [22] ). The spatial grid had 101 points with uniform resolution. The boundary conditions at the wall are prescribed values for the potential and zero density of particles. The cathode potential is taken to be zero while the anode potential is set equal to the discharge voltage.
Monte Carlo model for the fast electrons
The motion of the fast electrons is traced using MC simulation. In this algorithm random numbers are used to determine the positions and the types of the collisions. The random numbers (R 01 ) have a uniform distribution in the [0,1) interval.
The initial energy of the electrons leaving the cathode is chosen randomly between 0 and 10 eV, and their initial velocity is set perpendicular to the cathode surface. The primary electrons emitted from the cathode and their secondaries produced in ionizing collisions are traced until they are absorbed by the anode or, due to their energy losses in inelastic collisions, they are no longer capable of producing any additional ions. The trajectory of electrons between successive collisions is followed by direct integration of their equation of motion. The free path of electrons is assigned randomly and the positions of the collisions are calculated from
where s 0 is the position of the last collision, s 1 is the position of the next collision measured on the curvilinear abscissa s, n is the background gas density, σ is the sum of cross sections of all possible elementary processes and ε is the kinetic energy of the electron (see e.g. [41] ). The type of the collision which occurs after the free flight is chosen randomly, taking into account the values of cross sections of different processes at the energy of the colliding electron. In our calculation we take into account the elastic scattering of electrons from helium atoms, electron impact excitation and ionization of helium atoms. The cross sections of these elementary processes are taken from [31] .
For the elastic scattering process the elastic momentum transfer cross section is used and isotropic scattering is assumed. The energy loss of the electrons is neglected.
Electron impact excitation to the two metastable levels (2 1 S, 2 3 S) and to the levels up to n = 5 is considered. The scattering angle and the azimuthal angle are taken to be random over the [0, π ] and the [0, 2π ] intervals, respectively.
In the ionization process the energy of the ejected and the scattered electrons is partitioned in accordance with the procedure described in [38] [39] [40] . The velocity vectors of the incoming, scattered and ejected electrons lie in the same plane and the scattering angles (measured with respect to the direction of velocity of the incoming electron) are found from the formula given in [41] . The azimuthal angle of the scattered electron is chosen randomly between 0 and 2π .
The source functions of atomic ions S mci1 (x) and of metastables S s(t) (x) are accumulated from the individual ionization and excitation processes, respectively. The electrons are transferred to the slow electron group (through the S e (x) source function) when their (kinetic + potential) energy falls below the ionization potential of the helium atoms. Here the potential energy is defined as the difference between the maximum value of the potential in the discharge and the potential at the actual position of the electron.
In the MC model we also take into account the associative ionization process (p6). In this process the molecular helium ions are formed in collisions between excited atoms (excited to levels n 3) and ground state atoms [42, 43] . The source of molecular ions S mci2 created in this process is calculated from
where n * (x), S * (x) and τ are the density, source and lifetime of excited atoms [44] , respectively, and n is the background gas density. The rate coefficient k is given in table 1. The fast electrons created in this process, S fe (x) = S mci2 (x), are followed in the MC model.
Metastable model
Metastable atoms and molecules play an important role in the creation of molecular and atomic ions. The transport and kinetics of metastables in the discharge are modelled using three balance equations which are coupled differential equations, taking into account the sources and losses due to processes p7-p18 listed in table 1 and the sources of metastables obtained in the MC simulation:
where n s(t)(m) and D s(t)(m) are the density and diffusion coefficients of singlet and triplet atomic and molecular metastables, respectively, and β, δ, γ , κ, χ are the rate coefficients of the processes (see . The time-independent (steady state) equations are solved directly (inverting tridiagonal matrices after discretization of the equations), the coupling between them is taken into account using iterations, until the error term can be neglected. The equations are solved numerically on the same grid as used in the solution of fluid equations. The boundary conditions at the wall are prescribed zero densities of metastables. Solving these equations the densities of atomic and molecular metastables are found, and the sources of the molecular and atomic ions created in the metastable-metastable collisions (p10-p15) can be calculated according to S mi1 = 0.3S m and S mi2 = 0.7S m , where
The factors 0.3 and 0.7 express the probability of the creation of atomic and molecular ions in metastable-metastable collisions [36] . In the metastable deexcitation processes p16-p18, slow electrons are lost: the loss of these electrons can be calculated from
The fast electrons created in processes p10-p18 with energies ranging between 15 and 19 eV are treated in the MC model. The source of these fast electrons is calculated from
Combination of the models
In our model the fluid, MC and metastable models are solved in an iterative way until the stationary state of the discharge is reached. In the first step of the iterations the fluid model is solved to obtain an 'initial' electric field distribution, and the avalanches initiated by a given number of primary electrons (N 0 ) are traced afterwards by the MC simulation. After completing the MC simulation cycle, the ion, slow electron and metastable source functions S e (x), S mci1 (x), S (s,t) (x) are normalized by the actual value of the current I (calculated in the previous fluid cycle):
where N x is the number of ions (slow electrons, metastables) created in a cell with volume V x around x. Using the metastable source functions calculated in the MC cycle, the metastable model is solved to obtain the sources of the atomic and molecular ions. In the next step the fluid model is solved using the ion and electron sources and losses obtained in the MC and metastable cycle. The typical integration time step in the fluid model is in the order of 10 ns; the MC and metastable parts are usually run after 100 steps in the fluid model. Typically 1000 primary electrons and their secondaries are traced in the MC procedure. Having obtained the converged solution, the MC simulation is run once more for 2 × 10 5 primary electrons to obtain sufficiently smooth source functions. As has already been mentioned in the iterative solution of the hybrid model, the γ coefficient is adjusted in a way that the calculated current converges to its experimental value. (except from the expectedly less populated He 2 a 3 metastable state); they result mainly from the recombination of the He + 2 molecules [47, 48] . The high intensity of the He 2 bands at high pressures (p > 20 mbar) indicates that in this pressure range a high density of He + 2 molecules is present and efficient recombination channels exist in the discharge plasma.
Results and discussion

Experimental results
The electron temperature is determined by measuring the intensities of the spectral lines of the 2p 3 P-nd 3 D He I series (n 6). The upper levels of these transitions are near the ionization limit and hence interact strongly with the low-energy electrons. The measurement of T e using this spectroscopic technique requires a local thermal equilibrium to exist among these states. According to the criteria formulated by Griem [49] , this requires an electron density in excess of ≈4 × 10 11 cm −3 ; this condition is satisfied at our discharge conditions.
The intensity of a transition is given by
where A n2 is the nd 3 D → 2p 3 P transition probability [50] , N n is the population of the upper state and λ n2 is the wavelength of the radiation. From this equation the population of the levels can be determined, and assuming that the levels are in local thermodynamic equilibrium their populations are related to each other by the Boltzmann factor:
Consequently
where g n(m) and E n(m) are the statistical weight and the energy of level n(m), respectively. According to equation (22) the inverse of the slope of the line connecting the data points ln(1/N n ) versus E n yields the electron temperature. In the following T e is given in units of electron volts. Figure 2 (a) shows a typical spectrum measured in the 3575-3830 Å spectral range. The spectrum is shown for the L = 0.3 cm cell at p = 20 mbar pressure and the transitions used in the calculation of T e are marked. Figure 2 (b) shows ln(1/N n ) plotted versus E n for the 1, 0.3 and 0.1 cm discharge cells for pL = 6 mbar cm and j/p 2 = 0.027 mA cm −2 mbar −2 discharge conditions. Although the pL = const and j/p 2 = const similarity relations hold for these discharges [51] , the optical emission spectra have already suggested that they are not truly similar. The plots show that ln(1/N n ) depends linearly on E n , which means that the levels are in local thermodynamic equilibrium and thus the electron temperature of slow electrons can be determined. The electron temperatures obtained from these data are in the range of 0.1-0.12 eV. These values agree very well with previously reported experimental data for T e ; see e.g. [52] . The error of our T e data is less than 20%. The study of the current dependence of the electron temperature shows that T e decreases slightly with increasing current. In the case of the 0.1 cm cell at 60 mbar pressure and 0.4 A current T e has been found to be 0.114 eV, at I = 0.7 A T e = 0.108 eV and at 1 A current the electron temperature is 0.104 eV (these changes are, however, within the uncertainty of our measurements). 
Results of the simulations
In this section the simulation results are presented. First we illustrate the general properties of the discharges. Following this, the effect of the pressure is illustrated. Figure 3 shows the discharge characteristics for the L = 0.3 cm discharge cell at p = 20 mbar pressure, I = 111 mA current and V = 350 V voltage. In figure 3 (a) the electric field distribution is presented. The formation of the sheath near the cathode is clearly visible. At the cathode a high electric field is present (≈8000 V cm −1 ), and the electric field decreases nearly linearly in the sheath [53] . In the negative glow region the field reverses and at the anode a small negative field is present [54, 55] . The small negative field drives some of the ions created in the negative glow to the anode, while the electrons diffuse to the anode against this weak field. This is illustrated in figure 3(b) , where the particle fluxes are presented. In figure 3 (b) the metastable fluxes are also displayed. The ions and metastables reaching the cathode contribute to the electron emission from the cathode, assuring the self-sustainment of the discharge. Figure 3(b) shows that the fluxes of the metastables are two orders of magnitude smaller than the fluxes of ions. As the secondary yield of metastables is nearly the same as that of the ions [56] , the electrons are released from the cathode mainly due to the ions. At the cathode the ratio of the fluxes of He + to He + 2 is about 5.3. As the secondary yield of He + 2 ions is expected to be about 60% of He + [56, 57] , ≈90% of electrons are released by the atomic ions. of the singlet and triplet atomic metastables. In the vicinity of the cathode, the positive space charge is dominant and the ion density is ≈5 × 10 10 cm −3 . Further away from the cathode (in the negative glow), the densities of ions and slow electrons become equal (with a peak value of ≈7 × 10 12 cm −3 ) and a quasi-neutral plasma is formed. Near the cathode fallnegative glow boundary, the density of slow electrons rapidly decreases towards the cathode fall region. This result is in agreement with the observation of other authors [20, 22, 25] on similar discharges. The physical reason for the fast decay of slow electron density is that the slow electrons (born in the negative glow region) have small characteristic energy (typically <1 eV, and ≈0.1 eV found in our experiment) and thus they cannot penetrate into the cathode fall region due to the electric field present there. It is noted that figure 3(c) does not include the density of fast electrons, which are traced by MC simulation. It has also been shown however [25] that for typical glow discharge conditions the density of fast electrons is about three orders of magnitude smaller compared to the positive ion density. Consequently the space charge present in the cathode fall region can be considered as created only by positive ions. The density of metastables is maximum at the cathode sheath-negative glow boundary. Figure 3(c) shows that in the discharge the triplet metastables dominate, and the ratio of the maximal triplet to maximal singlet metastable density is ≈2, due to the high rate of the singlet to triplet conversion process (p7). From the metastable model it has also been found that the density of molecular metastables is seven orders of magnitude smaller than that of atomic metastables. Thus the contribution of the molecular metastables to the production of atomic and molecular ions can be neglected. Consequently the processes involving molecular metastables p13-p15 and p18 are unimportant.
In the following the simulation results are presented for three cases: (a) p = 6 mbar, I = 10 mA, L = 1 cm, (b) p = 20 mbar, I = 111 mA, L = 0.3 cm, and (c) p = 60 mbar, I = 1 A, L = 0.1 cm. These conditions correspond to the same pL = 6 mbar cm and reduced current density j/p 2 = 0.027 mA cm −2 mbar −2 . Figure 4 shows the source and loss functions for the atomic ions for the three different sets of conditions. The source of ions has its maximum at the cathode sheath-negative glow boundary (located at ≈ 1 5 of the gap). At each set of conditions the main source of atomic ions is the electron impact ionization both in the cathode sheath and in the negative glow region. The relative contribution of this process and the metastable-metastable ionization to the production of atomic ions varies slightly with pressure; see table 2. In table 2 the relative contributions of loss processes are also listed. At low pressures the ions are mainly lost at the electrodes (at p = 6 mbar 85%). With increasing pressure the importance of the collisional radiative recombination and ion conversion processes increases; at p = 60 mbar 30% of the ions are lost due to recombination and 12% by conversion to molecular ions. Figure 5 shows the source and loss functions for the molecular ions. Similarly to the case of He + ions, the source of He + 2 is maximum at the cathode sheath-negative glow boundary. In the cathode sheath the molecular ions originate mainly from the associative ionization process, while in the negative glow region the main source of molecular ions is ion conversion and associative ionization. The relative contributions of the production processes to the source of He + 2 vary slightly with pressure; see table 3. At low pressure the molecular ions are mainly lost at the electrodes (at p = 6 mbar 92%). With increasing pressure the importance of the recombination processes increases (see table 3 ) and at 60 mbar they become the dominant loss processes for He + 2 ions. At 60 mbar 44% of molecular ions are lost due to the collisional radiative recombination while 9% are lost in the three-body recombination process. Figure 6 shows the calculated charge densities. It can be observed that the electron, atomic and molecular ion densities have their maxima at different positions (the electron density does not include the fast electrons, as discussed in figure 3(c) ). The results show that the ratio of the maximal atomic to maximal molecular ion density decreases with increasing pressure. At p = 6 mbar this ratio is about 3.42, and at p = 60 mbar it becomes 2.2. At p = 60 mbar, at the anode side of the negative glow the molecular ion density exceeds the atomic ion density (see figure 6(c) ). It has to be noticed that even at low pressure (p = 6 mbar) there is a significant He + 2 ion density in the discharge. The lack of radiation on molecular bands at such low pressures can be explained by the slow recombination rate of He + 2 ions. As we have seen above, with increasing pressure the recombination rate increases significantly resulting in the appearance of molecular bands in the emission spectrum (see figure 1) .
The field reversal in the negative glow region exists for all the conditions studied; consequently a fraction of ions, which are not recombined in the negative glow region, move toward the anode. At p = 6 mbar pressure, ≈10% of atomic ions and ≈30% of molecular ions move to the anode. With increasing pressure the flux of ions at the anode decreases, and at p = 60 mbar only ≈1% of atomic and ≈9% of molecular ions flow to the anode. The contribution of these ions to the current at the anode is small; at p = 6 mbar 11.5% of the current is carried by the ions while at p = 60 mbar only 2%. At the cathode the current is carried mainly by the ions (≈86% at p = 6 mbar, varying slightly with pressure). At p = 6 mbar, ≈74% of the current is carried by the atomic ions and ≈12% by the molecular ions. With increasing pressure the contribution of molecular ions to the current increases slightly (≈13% at p = 60 mbar), while the contribution of atomic ions slightly decreases (≈69% at p = 60 mbar). Thus we can conclude that molecular ions play an important role in the carrying of current even at low pressures.
The apparent secondary electron emission coefficient γ (ratio of electron to ion current density at the cathode) at 6 mbar is found to be 0.16. At 20 mbar γ is 0.113 and at 60 mbar γ increases to 0.222. 
Summary
Helium glow discharges have been studied experimentally and by means of a one-dimensional self-consistent hybrid model. to the same pL = 6 mbar cm and reduced current density j/p 2 = 0.027 mA cm −2 mbar −2 . The voltage-current characteristics of the discharge, the electron temperature as well as the optical emission spectra have been determined in the experiments. The measured electrical characteristics and the electron temperature are used as input data of our hybrid model. It has been found that in the 6-60 mbar pressure range and at 0.01-1 A current the electron temperature is in the range of 0.1-0.12 eV and at constant pressure T e decreases slightly with increasing current. At low pressure only the He I and He II lines appear in the optical emission spectrum, while at high pressures the bands of the He 2 molecule appear beside the atomic and ion lines, indicating the presence of significant He + 2 ion density in the discharge. The simulation results have shown that in the negative glow region the electric field changes sign. This negative field drives some of the ions (atomic and molecular) to the anode, while the electrons have to diffuse to the anode against this weak field.
In the simulations the main sources and losses of the atomic and molecular ions have been identified. The main source of atomic ions is the electron impact ionization process. At low pressure the ions are mainly lost at the electrodes (e.g. 85% at p = 6 mbar). At higher pressures the ion conversion process and the collisional radiative recombination also become important (e.g. at p = 60 mbar 12% and 30%, respectively); however the main part of ions are still lost at the electrodes (58% at p = 60 mbar). The molecular ions are created mainly by associative ionization and ion conversion (at p = 6 mbar ≈47% and ≈48%), and the contributions of these processes vary slightly with pressure. At low pressures the molecular ions are mainly lost at the electrodes. With increasing pressure the importance of the recombination processes increases, becoming the dominant loss processes at p = 60 mbar. At p = 60 mbar 44% of He + 2 ions are lost due to the collisional radiative recombination process and 9% due to the three-body recombination process.
The results show that the densities of He + and He + 2 ions have their maxima at different positions. The ratio of the maximal atomic to the maximal molecular ion density decreased with increasing pressure; at p = 6 mbar this ratio is 3.42 and at p = 60 mbar it becomes 2.2. The contribution of atomic and molecular ions to the ion current at the cathode has been determined from the charge fluxes. Molecular ions play an important role in the carrying of current, and their contribution increases slightly with increasing pressure. Molecular ions also play an important role in the self-sustainment of the discharge; ≈10% of the secondary electrons are released from the cathode by the molecular ions.
